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Abstract
The understanding of flavour dynamics is one of the key aims of elementary particle
physics. The last 15 years have witnessed the triumph of the Kobayashi-Maskawa
mechanism, which describes all flavour changing transitions of quarks in the Standard
Model. This important milestone has been reached owing to a series of experiments,
in particular to those operating at the so-called B factories, at the Tevatron, and now
at the LHC. We briefly review status and perspectives of flavour physics, highlighting
the results where the LHC has given the most significant contributions, notably
including the recent observation of the B0s → µ+µ− decay.
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1 Introduction
Flavour physics has played a central roˆle in the development of the Standard Model (SM),
which represents the state of the art of the fundamental theory of elementary physics
interactions. The SM is able to describe with excellent accuracy all of the fundamental
physics phenomena related to the electromagnetic, weak and strong forces, observed to
date. Yet, it fails with some key aspects, notably including the fact that it does not provide
an answer to one of the most fundamental questions: why is antimatter absent from the
observed universe? Owing to the work of Andrei Sakharov in 1967 [1], the phenomenon of
CP violation, i.e. the non-invariance of the laws of nature under the combined application
of charge (C) and parity (P ) transformations, is known to be one of the ingredients needed
to dynamically generate a baryon asymmetry starting from an initially symmetric universe.
However, it is also known that the size of CP violation in the SM is too small, by several
orders of magnitude, to explain the observed baryon asymmetry of the universe [2–4].
As a consequence, other sources of CP violation beyond the SM (BSM), which should
produce observable effects in the form of deviations from the SM predictions of certain
CP -violating quantities, must exist. Rare decays that are strongly suppressed in the SM
are of particular interest, since BSM amplitudes could be relatively sizable with respect to
those of the SM.
The first run of the Large Hadron Collider (LHC), with 7 and 8 TeV pp collisions,
has led to the discovery of the Higgs boson [5, 6], but no hint of the existence of other
new particles has been found. Neither supersymmetry nor any other direct sign of BSM
physics has popped out of the data. Besides the Higgs discovery, analyses from the first
years of running have also firmly established the great impact of the ATLAS [7], CMS [8]
and LHCb [9] experiments in the field of CP violation and rare decays of heavy-flavoured
hadrons. In particular, LHCb has produced a plethora of results on a broad range of flavour
observables in the c- and b-quark sectors, and ATLAS and CMS have given significant
contributions to the b-quark sector, mainly using final states containing muon pairs. Also
these measurements do not provide hints of BSM physics.
Nevertheless, it is of fundamental importance for future developments of elementary
particle physics to keep improving the theoretical and experimental fields of flavour physics.
On the one hand, such improvements increase the reach of indirect searches for BSM
physics, probing higher and higher mass scales in the event that no BSM effects were
discovered by direct detection. On the other hand, they would enable the BSM Lagrangian
to be precisely determined, if any new particle were detected in direct searches. Starting
with a brief historical perspective on the development of heavy flavour physics, we review
the present status, highlighting some of the results where the LHC has given the most
significant contributions.
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2 An historical perspective
2.1 The origin of the KM mechanism
As already mentioned, flavour physics has played a prominent roˆle in the development of
the SM. As an example, one of the most notable predictions made in this context was
that of the existence of a third quark generation, in a famous paper of 1973 by Makoto
Kobayashi and Toshihide Maskawa [10]. In that work, which won them the Nobel Price in
Physics in 2008 “for the discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature”, Kobayashi and Maskawa extended
the Cabibbo [11] (with only u, d, and s quarks) and the Glashow-Iliopoulos-Maiani [12]
(GIM, including also the c quark) mechanisms, pointing out that CP violation could be
incorporated into the emerging picture of the SM if six quarks were present. This is
commonly referred to as the Kobayashi-Maskawa (KM) mechanism. It must be emphasised
that at that time only hadrons made of the three lighter quarks had been observed. An
experimental revolution took place in 1974, when a new state containing the c quark
was discovered almost simultaneously at Brookhaven [13] and SLAC [14]. Then, the
experimental observations of the b [15] and t [16] quarks were made at FNAL in 1977 and
1995, respectively.
The idea of Kobayashi and Maskawa, formalised in the so-called Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix, was then included in the SM by the beginning of
the 1980’s. The phenomenon of CP violation, first revealed in 1964 using decays of neutral
kaons [17], was elegantly accounted for as an irreducible complex phase within the CKM
matrix. The experimental proof of the validity of the KM mechanism and the precise
measurement of the value of the CP -violating phase soon became questions of paramount
importance.
2.2 The rise of B physics
Due to the nature of the CKM matrix, an accurate test of the KM mechanism required an
extension of the physics programme to heavy-flavoured hadrons. Pioneering steps in the
b-quark flavour sector were moved at the beginning of the 1980’s by the CLEO experiment
at CESR [18]. At the same time, Ikaros Bigi, Ashton Carter and Tony Sanda published
papers exploring the possibility that large CP -violating effects could be present in the
decay rates of B0 mesons decaying to the J/ψK0S CP eigenstate [19, 20]. In addition,
they also pointed out that such a measurement could be interpreted in terms of the
CP -violating phase without relevant theoretical uncertainties due to strong interaction
effects. However, there were two formidable obstacles to overcome: first, an experimental
observation required an enormous amount of B0 mesons, well beyond what was conceivable
to produce and collect at the time; second, a precise measurement of the decay time was
required, together with the knowledge of the flavour of the B0 meson at production.
Few years later, in 1987, the ARGUS experiment at DESY measured for the first time
the mixing rate of B0 and B¯0 mesons [21], whose knowledge was an important ingredient to
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understand the feasibility of measuring CP violation with B0 → J/ψK0S decays. Another
crucial ingredient came along due to tremendous developments in the performance of e+e−
storage rings. By the late 1980’s, many different possible designs for new machines were
being explored. A novel idea was put forward by Pier Oddone in 1987: a high-luminosity
asymmetrical e+e− circular collider operating at the centre-of-mass energy of the Υ(4S)
meson [22]. Owing to the beam-energy asymmetry, B mesons would be produced with
a boost in the laboratory frame towards the direction of the most energetic beam. The
consequent nonzero decay length, measured by means of state-of-the-art silicon vertex
detectors, would enable precise measurements of the decay time to be achieved. Two
machines based on Oddone’s concept, so-called B factories, were eventually built: PEP-II
at SLAC in the United States and KEKB at KEK in Japan. The associated detectors,
BaBar [23] at PEP-II and Belle [24] at KEKB, were approved in 1993 and in 1994,
respectively. If CESR was initially able to produce few tens of bb¯ pairs per day, PEP-II
and KEKB were capable of producing order of one million bb¯ pairs per day.
Meanwhile, during the course of the 1990’s, many b-physics measurements were being
performed at the Z0 factories, i.e. the LEP experiments [25–28] at CERN, and the
SLD [29] experiment at SLAC. Despite the relatively small statistics, b hadrons produced
in Z0 decays were naturally characterised by a large boost, enabling measurements of
lifetimes of all b-hadron species and of oscillation frequencies of neutral B mesons to be
performed. In particular, for the first time it was possible to study samples of B0s -meson,
b-baryon and even a handful of B+c -meson decays [30,31]. Similar pioneering measurements
were also made at the Tevatron with Run I data, using hadronic collisions as a source of b
quarks [32].
Soon after PEP-II and KEKB were turned on, the two machines broke any existing
record of instantaneous and integrated luminosity of previous particle colliders. By the end
of their research programmes, BaBar and Belle measured CP violation in B0 → J/ψK0S
decays with a relative precision of about 3% [33, 34]. The large sample of B-meson decays
collected at BaBar and Belle enabled a series of further measurements in the flavour sector
to be performed, well beyond the initial expectations. In the same years, a major step
forward in these topics was also made at the Tevatron with Run II data. Although with
a somewhat limited scope if compared to B factories, the CDF and D0 experiments at
FNAL collected large amounts of heavy-flavoured-hadron decays, performing some high
precision measurements [35], notably including the first observation of B0s -meson mixing
in 2006 [36].
2.3 The LHC era
When the constructions of the BaBar and Belle detectors were being scrutinised for
approval, three distinct proposals for a dedicated b-physics experiment at the LHC were
put forward, so-called COBEX, GAJET, and LHB. GAJET and LHB were both based
on fixed targets, the former working with a gas target placed inside the LHC beam pipe
and the latter exploiting an extracted LHC beam. COBEX was instead proposed to
work in proton-proton collider mode. The three groups of proponents were asked to join
3
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Figure 1: Sketch of the LHCb detector.
together and submit to the LHC Experiments Committee (LHCC) a proposal for a single
collider-mode experiment, namely LHCb [9]. LHCb was then designed to exploit the
potential for heavy-flavour physics at the LHC by instrumenting the forward region of
proton-proton collisions, in order to take advantage of the large bb¯ cross section in the
forward (or backward) LHC beam direction. The LHCb experiment was approved in 1998,
and started taking data with the start-up of LHC in 2009.
The LHCb detector [9, 37], shown in Fig. 1, includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-
area silicon-strip detector located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed
downstream of the magnet. The tracking system provides a measurement of momentum
of charged particles with a relative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200 GeV/c. The silicon sensors of the vertex detector come as close as 8 mm
to the LHC beam. This allows for a very precise measurement of the track trajectory
close to the interaction point, which is crucial to separate decays of beauty and charm
hadrons, with typical flight distances of a few millimetres in the laboratory frame, from
the background. The distance of a track to a primary vertex, the impact parameter, is
measured with a resolution of 15–30 µm.
One distinctive feature of LHCb, when compared to the ATLAS and CMS detectors,
is its particle identification capability for charged hadrons. This is mainly achieved by
means of two ring-imaging Cherenkov (“RICH”) detectors placed on either side of the
tracking stations. Once particle momenta are measured, the two RICH detectors enable the
identification of protons, kaons and pions to be obtained. An electromagnetic calorimeter,
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complemented with scintillating-pad and preshower detectors, provides energy and position
of photons and electrons, and allow for their identification in conjunction with information
from the tracking system. The electromagnetic calorimeter is followed by a hadronic
calorimeter that also gives some information to identify hadrons. Finally, muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers. The online event selection is performed by a trigger [38] which consists of a
hardware stage, based on information from the calorimeter and muon systems, followed by
a software stage, which applies full event reconstruction.
LHCb operates at a much lower instantaneous luminosity than the peak luminosity
made available by the LHC. This is necessary to better distinguish charged particles
resulting from b- and c-hadron decays from particles produced in other pp collisions, in
the forward region covered by the detector acceptance. During the first run of the LHC,
the average number of pp collisions per bunch crossing at the LHCb intersection was kept
at about 1.7, corresponding to a luminosity of 4 × 1032 cm−2s−1. This was achieved by
a dynamical adjustment of the transverse offset between the LHC beams during the fill,
enabling constant luminosity to be kept throughout.
Besides LHCb, the general purpose ATLAS and CMS detectors were also designed
with the aim of performing b-physics measurements, mainly using final states containing
muon pairs due to constraints dictated by the trigger and to the absence of sub-detectors
with strong particle identification capabilities for charged hadrons.
3 The CKM matrix
3.1 Definition
In the SM, charged-current interactions of quarks are described by the Lagrangian
LW± = − g√
2
U iγ
µ1− γ5
2
(VCKM)ij DjW
+
µ + h.c.,
where g is the electroweak coupling constant and VCKM is the CKM matrix
VCKM =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 ,
originating from the misalignment in flavour space of the up and down components of
the SU(2)L quark doublet of the SM. The Vij matrix elements represent the couplings
between up-type quarks Ui = (u, c, t) and down-type quarks Dj = (d, s, b).
An important feature of the CKM matrix is its unitarity. Such a condition determines
the number of free parameters of the matrix. A generic N ×N unitary matrix depends on
N (N − 1) /2 mixing angles and N (N + 1) /2 complex phases. In the CKM case, dealing
with a mixing matrix between the quark flavour eigenstates, the Lagrangian enables the
phase of each quark field to be redefined, such that 2N − 1 unphysical phases cancel out.
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As a consequence, any N ×N complex matrix describing mixing between N generations
of quarks has
1
2
N (N − 1)︸ ︷︷ ︸
mixing angles
+
1
2
(N − 1) (N − 2)︸ ︷︷ ︸
physical complex phases
= (N − 1)2
free parameters. The interesting case N = 2 leads to the GIM mixing matrix with only
one free parameter, namely the Cabibbo angle θC [11]
VGIM =
(
cos θC sin θC
− sin θC cos θC
)
.
When formalised in 1970, the nature of VGIM was invoked to explain the suppression of
flavour changing neutral current (FCNC) processes, and put the basis for the discovery of
the charm quark [12–14]. In the case N = 3, the resulting number of free parameters is
four: three mixing angles and one complex phase. This phase alone is responsible for CP
violation in the weak interactions of the SM.
3.2 Standard parametrisation
Among the various possible conventions, a standard choice to parametrise VCKM is given
by
VCKM =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 ,
where sij = sin θij, cij = cos θij and δ is the CP -violating phase. All the θij angles can
be chosen to lie in the first quadrant, thus sij, cij ≥ 0. The coupling between quark
generations i and j vanishes if the corresponding θij is equal to zero. In the case where
θ13 = θ23 = 0, the third generation would decouple and the CKM matrix would take
the form of VGIM. The presence of a complex phase in the mixing matrix is a necessary
condition for CP violation, although not sufficient. As pointed out in Ref. [39], another
key condition is(
m2t −m2c
) (
m2t −m2u
) (
m2c −m2u
) (
m2b −m2s
) (
m2b −m2d
) (
m2s −m2d
)× JCP 6= 0,
where
JCP =
∣∣= (ViαVjβV ∗iβV ∗jα)∣∣ (i 6= j, α 6= β)
is the so-called Jarlskog parameter. This condition is related to the fact that the CKM
phase could be eliminated if any of two quarks with the same charge were degenerate in
mass. As a consequence, the origin of CP violation in the SM is deeply connected to the
origin of the quark mass hierarchy and to the number of fermion generations.
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The Jarlskog parameter can be interpreted as a measure of the size of CP violation
in the SM. Its value does not depend on the phase convention of the quark fields, and
adopting the standard parametrisation it can be written as
JCP = s12s13s23c12c23c
2
13 sin δ.
Experimentally one has JCP = O (10−5), which quantifies how small CP violation is in the
SM.
3.3 Wolfenstein parametrisation
Experimental information leads to the evidence that transitions within the same generation
are characterised by VCKM elements of O(1). Instead, those between the first and second
generations are suppressed by a factor O(10−1); those between the second and third
generations by a factor O(10−2); and those between the first and third generations by a
factor O(10−3). It can be stated that
s12 ' 0.22 s23 = O(10−2) s13 = O(10−3).
It is useful to introduce a parametrisation of the CKM matrix, whose original formulation
was due to Wolfenstein [40], defining
s12 = λ =
|Vus|√
|Vud|2 + |Vus|2
,
s23 = Aλ
2 = λ
∣∣∣∣VcbVus
∣∣∣∣ ,
s13e
−iδ = Aλ3 (ρ− iη) = Vub.
The CKM matrix can be re-written as a power expansion of the parameter λ (which
corresponds to sin θC)
VCKM =
 1− 12λ2 − 18λ4 λ Aλ3 (ρ− iη)−λ+ 1
2
A2λ5 [1− 2(ρ+ iη)] 1− 1
2
λ2 − 1
8
λ4(1 + 4A2) Aλ2
Aλ3
[
1− (ρ+ iη) (1− 1
2
λ2
)] − Aλ2 + 1
2
Aλ4 [1− 2(ρ+ iη)] 1− 1
2
A2λ4
 ,
which is valid up to O (λ6). With this parametrisation, the CKM matrix is complex, and
hence CP violation is allowed for, if and only if η differs from zero. To lowest order the
Jarlskog parameter becomes
JCP = λ
6A2η,
and, as expected, is directly related to the CP -violating parameter η.
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3.4 The unitarity triangle
The unitarity condition of the CKM matrix, VCKMV
†
CKM = V
†
CKMVCKM = I, leads to a
set of 12 equations: 6 for diagonal terms and 6 for off-diagonal terms. In particular, the
equations for the off-diagonal terms can be represented as triangles in the complex plane,
all characterised by the same area JCP/2
VudV
∗
us︸ ︷︷ ︸
O(λ)
+VcdV
∗
cs︸ ︷︷ ︸
O(λ)
+VtdV
∗
ts︸ ︷︷ ︸
O(λ5)
= 0,
VusV
∗
ub︸ ︷︷ ︸
O(λ4)
+VcsV
∗
cb︸ ︷︷ ︸
O(λ2)
+VtsV
∗
tb︸ ︷︷ ︸
O(λ2)
= 0,
VudV
∗
ub︸ ︷︷ ︸
O(λ3)
+VcdV
∗
cb︸ ︷︷ ︸
O(λ3)
+VtdV
∗
tb︸ ︷︷ ︸
O(λ3)
= 0,
VudV
∗
cd︸ ︷︷ ︸
O(λ)
+VusV
∗
cs︸ ︷︷ ︸
O(λ)
+VubV
∗
cb︸ ︷︷ ︸
O(λ5)
= 0,
VcdV
∗
td︸ ︷︷ ︸
O(λ4)
+VcsV
∗
ts︸ ︷︷ ︸
O(λ2)
+VcbV
∗
tb︸ ︷︷ ︸
O(λ2)
= 0,
VudV
∗
td︸ ︷︷ ︸
O(λ3)
+VusV
∗
ts︸ ︷︷ ︸
O(λ3)
+VubV
∗
tb︸ ︷︷ ︸
O(λ3)
= 0.
Only two out of these six triangles have sides of the same order of magnitude, O(λ3). In
terms of the Wolfenstein parametrisation, up to O(λ7) the corresponding equations can
be written as
Aλ3{(1− λ2/2)(ρ+ iη) + [1− (1− λ2/2)(ρ+ iη)] + (−1)} = 0,
Aλ3{(ρ+ iη) + [1− ρ− iη − λ2(1/2− ρ− iη)] + [−1 + λ2(1/2− ρ− iη)]} = 0.
Eliminating the common factor Aλ3 from both equations, the two triangles in the complex
plane represented in Fig. 2 are obtained. In particular, the triangle defined by the former
equation is commonly referred to as the unitarity triangle (UT). The sides of the UT are
given by
Ru ≡
∣∣∣∣VudV ∗ubVcdV ∗cb
∣∣∣∣ = √ρ¯2 + η¯2,
Rt ≡
∣∣∣∣VtdV ∗tbVcdV ∗cb
∣∣∣∣ = √(1− ρ¯)2 + η¯2,
where to simplify the notation the parameters ρ¯ and η¯, namely the coordinates in the
complex plane of the only non-trivial apex of the UT, the others being (0, 0) and (1, 0),
have been introduced. The exact relation between ρ¯ and η¯ and the Wolfenstein parameters
is defined by
ρ+ iη =
√
1− A2λ4
1− λ2
ρ¯+ iη¯
1− A2λ4(ρ¯+ iη¯) ,
8
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Figure 1.3: The unitarity triangle representations of the conditions (ds) and (ut). The
complex side lengths are expressed in terms of VCKM elements and λ.
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Figure 1.3: The unitarity triangle representations of the conditions (ds) and (ut). The
complex side lengths are expressed in terms of VCKM elements and λ.Figure 2: Representation in the complex plane of the non-squashed triangles obtained from the
off-diagonal unitarity relations of the CKM matrix.
which, at the lowest non-trivial order in λ, yields
ρ =
(
1 +
λ2
2
)
ρ¯+O(λ4), η =
(
1 +
λ2
2
)
η¯ +O(λ4).
The angles of the UT are related to the CKM matrix elements as
α ≡ arg
(
− VtdV
∗
tb
VudV ∗ub
)
= arg
(
−1− ρ¯− iη¯
ρ¯+ iη¯
)
,
β ≡ arg
(
−VcdV
∗
cb
VtdV ∗tb
= arg
(
1
1− ρ¯− iη¯
)
,
γ ≡ arg
(
−VudV
∗
ub
VcdV ∗cb
)
= arg (ρ¯+ iη¯).
The second non-squashed triangle has similar characteristics with respect to the UT. The
apex is placed in the point (ρ, η) and is tilted by an angle
βs ≡ arg
(
−VtsV
∗
tb
VcsV ∗cb
)
= λ2η +O(λ4).
3.5 Phenomenology of CP violation
The phenomenon of CP violation has been observed at a level above five standard deviations
in a dozen of processes involving charged and neutral B-meson decays, as well as in a couple
of neutral kaon decays [41]. In this section we focus in particular on the phenomenology
of CP violation in the b-quark sector.
Three types of CP violation can occur in the quark sector: CP violation in the decay
(also known as direct CP violation), CP violation in the mixing of neutral mesons, and
CP violation in the interference between mixing and decay.
9
bd¯(s)
d(s)
b
W W
u, c, t
u, c, t
b d(s)
d(s) b
W
W
u
c
t
u
c
t
¯ ¯¯ ¯¯
Figure 3: Box diagrams contributing to B¯0 −B0 and B¯0s −B0s mixing.
Defining the amplitude of a B meson decaying to the final state f as Af , and that of
its CP conjugate B¯ to the CP conjugate final state f¯ as A¯f¯ , direct CP violation occurs
when |Af | 6=
∣∣A¯f¯ ∣∣. This is the only possible type of CP violation that can be observed in
the decays of charged mesons and baryons, where mixing is not allowed for. If for example
there are two distinct processes contributing to the decay amplitude, one can write
Af = e
iϕ1 |A1| eiδ1 + eiϕ2 |A2| eiδ2
A¯f¯ = e
−iϕ1 |A1| eiδ1 + e−iϕ2 |A2| eiδ2 ,
where ϕ1,2 denotes CP -violating weak phases and |A1,2| eiδ1,2 CP -conserving strong ampli-
tudes of the two processes, labelled by the subscripts 1 and 2. The CP -violating asymmetry
is given by
ACP ≡
ΓB¯→f¯ − ΓB→f
ΓB¯→f¯ + ΓB→f
=
∣∣A¯f¯ ∣∣2 − |Af |2∣∣A¯f¯ ∣∣2 + |Af |2 =
=
2 |A1| |A2| sin (δ2 − δ1) sin (ϕ2 − ϕ1)
|A1|2 + 2 |A1| |A2| cos (δ2 − δ1) cos (ϕ2 − ϕ1) + |A2|2
.
(1)
A nonzero value of the asymmetry ACP arises from the interference between the two
processes, and requires both a nonzero weak phase difference ϕ2−ϕ1 and a nonzero strong
phase difference δ2− δ1. The presence of (at least) two interfering processes is a distinctive
feature to observe CP violation.
When neutral heavy mesons are involved, the phenomenon of mixing between opposite
flavours takes place. In the case of B0 and B0s mesons, due to the diagrams sketched in
Fig. 3, an initial |B〉 state will evolve as a superposition of |B〉 and ∣∣B〉 states. Hence the
mass eigenstates do not coincide with the flavour eigenstates, but are related to them by
|BH〉 =
p |B〉+ q ∣∣B¯〉√
|p|2 + |q|2
, |BL〉 =
p |B〉 − q ∣∣B¯〉√
|p|2 + |q|2
,
where p and q are two complex parameters, and |BH〉 and |BL〉 denote the two eigenstates
of the B0(s)–B
0
(s) system. These two eigenstates are split in mass and lifetime, and we
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can define the mass and width differences ∆md(s) ≡ md(s),H − md(s),L and ∆Γd(s) ≡
Γd(s),L−Γd(s),H. The subscripts H and L denote the heavy and light eigenstates. With this
convention, the values of ∆md and ∆ms are positive by definition. The present knowledge
of B0- and B0s -mixing processes is obtained from flavour-tagged time-dependent studies
of semileptonic decays and of other decays involving flavour-specific final states, such as
B0s → D−s pi+. The world averages of the mass differences are ∆md = 0.510± 0.003 ps−1
and ∆ms = 17.757± 0.021 ps−1 [42]. The value of ∆Γs is measured to be positive [43, 44],
∆Γs = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps−1 [44]. The value of ∆Γd is also positive in
the SM and is expected to be much smaller than that of ∆Γs, ∆Γd ' 3× 10−3 ps−1 [45].
CP violation in the mixing of neutral mesons arises when the rate of e.g. B0(s) mesons
transforming into B
0
(s) mesons differs from the rate of B
0
(s) mesons transforming into B
0
(s)
mesons. The condition to have CP violation in the mixing is given by |q/p| 6= 1. However,
to a very good approximation the SM predicts |q/p| ' 1, i.e. CP violation in the mixing
is very small, as also confirmed by experimental determinations [42,46]. For neutral B0
and B0s mesons, the value of |q/p| can be measured by means of the so-called semileptonic
asymmetry
A
d(s)
sl ≡
Γ
B
0
(s)→`+X(t)− ΓB0(s)→`−X(t)
Γ
B
0
(s)→`+X(t) + ΓB0(s)→`−X(t)
=
1− |q/p|4d(s)
1 + |q/p|4d(s)
,
which actually turns out to be not dependent on time.
Finally, CP violation may arise in the interference between decay and mixing processes.
Assuming CPT invariance, the CP asymmetry as a function of decay time for a neutral
B0 or B0s meson decaying to a self-conjugate final state f , is given by
A(t) ≡
Γ
B
0
(s)→f (t)− ΓB0(s)→f (t)
Γ
B
0
(s)→f (t) + ΓB0(s)→f (t)
=
−Cf cos
(
∆md(s)t
)
+ Sf sin
(
∆md(s)t
)
cosh
(
∆Γd(s)
2
t
)
+ A∆Γf sinh
(
∆Γd(s)
2
t
) .
The quantities Cf , Sf and A
∆Γ
f are
Cf ≡ 1− |λf |
2
1 + |λf |2 , Sf ≡
2=λf
1 + |λf |2 and A
∆Γ
f ≡ −
2<λf
1 + |λf |2 ,
where λf is given by
λf ≡ q
p
A¯f
Af
.
The parameter λf is thus related to B
0
(s)–B
0
(s) mixing (via q/p) and to the decay amplitudes
of the B0(s) → f decay (Af ) and of the B
0
(s) → f decay (A¯f ). With negligible CP violation
in the mixing (|q/p| = 1), the terms Cf and Sf parametrise CP violation in the decay and
in the interference between mixing and decay, respectively. The following relation between
Cf , Sf and A
∆Γ
f holds
(Cf )
2 + (Sf )
2 +
(
A∆Γf
)2
= 1.
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Notably, one has direct CP violation (A¯f 6= Af) when Cf 6= 0. But even in the case of
suppressed CP violation in the decay, it is still possible to observe CP violation if a relative
phase between q/p and A¯f/Af exists. In such a case, one has Sf = =(q/p× A¯f/Af ). For
example, for the B0 → J/ψK0S decay, to an approximation that is valid in the SM at the
percent level or below, one has SB0→J/ψK0S = sin(φd) and CB0→J/ψK0S = 0, with φd = 2β.
Similarly, for the B0s → J/ψφ decay, CP violation in the interference between mixing and
decay gives access to φs = −2βs.
3.6 Experimental determination of the unitarity triangle
The experimental determination of the UT is here presented in brief. Many excellent reviews
are available in the literature [42, 47–50], where detailed discussions on the various topics
can be found. Several pieces of information must be combined by means of sophisticated
fits in order to determine the apex of the UT with the highest possible precision. Relevant
inputs to the fits are
• |εK |: This parameter is determined by measuring indirect CP violation in the neutral
kaon mixing, using K → pipi, K → pilν, and K0L → pi+pi−e+e− decays, and provides
a very important constraint on the position of the UT apex.
• |Vub| / |Vcb|: The measurements of branching fractions of semileptonic decays governed
by b→ ulν¯ and b→ clν¯ transitions give information about the magnitudes of Vub
and Vcb, respectively. The ratio between these two quantities constrains the side of
the UT between the γ and α angles.
• ∆md: This parameter represents the frequency of B0− B¯0 mixing. It is proportional
to the magnitude of Vtd and thus constrains the side of the UT between the β and α
angles.
• ∆ms/∆md: ∆ms is the analogue of ∆md in the case of B0s − B¯0s mixing and its
value is proportional to the magnitude Vts. However, in order to reduce theoretical
uncertainties on hadronic parameters determined using Lattice QCD calculations,
the use of the ratio ∆ms/∆md is more effective. This also provides a constraint on
the side of the UT between the β and α angles.
• sin(2β): This quantity is mainly determined from time-dependent CP -violation
measurements of B0 → J/ψK0S decays, and provides a powerful constraint on the
angle β of the UT.
• α: This UT angle is determined from the measurements of CP -violating asymmetries
and branching fractions in B → pipi, B → ρρ and B → ρpi decays.
• γ: The determination of this angle is performed by measuring time-integrated
CP -violating asymmetries and branching fractions of B → D(∗)K(∗) decays, and
time-dependent CP violation in B0s → D±s K∓ decays.
12
γγ
α
α
dm∆
Kε
Kε
sm∆ & dm∆
ubV
βsin 2
(excl. at CL > 0.95)
 < 0βsol. w/ cos 2
e
xcluded
 at
 CL
 >
 0
.95
α
βγ
ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
η
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
excluded area has CL > 0.95
Winter 14
CKM
f i t t e r
ρ
-1 -0.5 0 0.5 1
η
-1
-0.5
0
0.5
1
γ
β
α
smΔ
dmΔ
dmΔ
Kε
cbV
ubV
Summer14
SM fit
Figure 4: Results of global CKM fits performed by the (left) CKMfitter [51] and (right) UTfit [45]
groups. The 95% probability regions corresponding to each of the experimental measurements
are indicated by filled areas of different colours. The various areas intersect in the position of the
UT apex.
Table 1: Results of global CKM fits by the CKMfitter [51] and UTfit [45] groups.
Group A λ ρ¯ η¯
CKMfitter 0.810 + 0.018− 0.024 0.22548
+ 0.00068
− 0.00034 0.1453
+ 0.0133
− 0.0073 0.343
+ 0.011
− 0.012
UTfit 0.821± 0.012 0.22534± 0.00065 0.132± 0.023 0.352± 0.014
World averages of the various experimental measurements are kept up to date by the
Heavy Flavour Averaging Group [42]. Each of these measurements yields a constraint
on the position of the UT apex, i.e. on the values of the ρ¯ and η¯ parameters. Two
independent groups, namely CKMfitter [51] and UTfit [45], regularly perform global CKM
fits starting from the same set of experimental and theoretical inputs, but using different
statistical approaches. In particular, CKMfitter performs a frequentist analysis, whereas
UTfit follows a Bayesian method. Their latest results are displayed in Fig. 4. Each of
the experimental constraints is represented as a 95% probability region by a filled area
of different colour. The intersection of all regions identifies the position of the UT apex.
The level of agreement amongst the various regions in pinpointing the UT apex is also a
measure of the level of consistency of the KM mechanism with data. If (at least) one of the
areas were not in agreement with the others, that would be an indication of the existence
of BSM physics. At present, no striking evidence of any disagreement is found. The
13
latest values of A, λ, ρ¯ and η¯ obtained by the CKMfitter and UTfit groups are reported
in Table 1. Besides small fluctuations, also stemming from slightly different theoretical
inputs and statistical procedures, the two sets of results are in good agreement.
4 Overview of beauty physics at the LHC
4.1 CP violation
Owing to the legacy of the B factories [52], we have entered the era of precision tests
of CKM physics, where ultimate sensitivity is needed to search for new sources of CP
violation beyond the single phase of the CKM matrix.
The LHC is often considered as a B0s -meson factory, due to the large production
cross-section and to the excellent capabilities of the LHC experiments to precisely resolve
B0s oscillations. This has opened the door to precision measurements of the CP -violating
phase ϕccss , which is equal to −2βs in the SM, neglecting sub-leading penguin contributions.
It has been measured at the LHC by ATLAS, CMS and LHCb using the flavour eigenstate
decays B0s → J/ψK+K− [53–55] and B0s → J/ψpi+pi− [56]. Recently LHCb has used
the decay B0s→ J/ψK+K− for the first time in a polarisation-dependent way [57]. The
quantity ϕccss has also been measured with a fully hadronic final state using the decay
B0s→ D+s D−s with D±s → K+K−pi±, yielding 0.02± 0.17± 0.02 rad [58]. Combining all
determinations, LHCb obtains ϕccss = −0.010± 0.039 rad. Including also other results, and
in particular those from ATLAS and CMS, the uncertainty is further reduced, obtaining
ϕccss = −0.015± 0.035 rad. The constraints on ϕccss and on the decay width difference ∆Γs
are shown in Fig. 5, together with the corresponding SM expectations.
With the precision reaching the degree level, the effects of suppressed penguin topologies
cannot be neglected anymore [59–64]. Such effects may lead to a shift δϕs in the measured
value of ϕccss , which can be constrained using Cabibbo-suppressed decay modes, where
penguin topologies are relatively more prominent. This programme has started with
studies of the decays B0s→ J/ψK0S [65, 66], B0s→ J/ψK∗0 [67] and more recently B0→
J/ψpi+pi− [68]. These studies enable a constraint on δϕs to be placed in the range
[−0.018, 0.021] rad at 68% CL. Considering the present uncertainty of 0.039 rad, such a
shift needs to be to constrained further.
Another interesting test of the SM is provided by the measurement of the mixing phase
ϕssss with a penguin-dominated mode as B
0
s → φφ. In this case the measured value is
−0.17± 0.15± 0.03 rad [69], which is compatible with the SM expectation.
Similarly, the decays B→ hh with h = pi,K receive large contributions from penguin
topologies, and are sensitive to γ and βs. LHCb for the first time measured time-dependent
CP -violating observables in B0s decays using the decay B
0
s→ K+K− [70]. Using methods
outlined in Refs. [64, 71,72], a combination of this and other results from B → pipi modes
enables the determination −2βs = −0.12 + 0.14− 0.16 rad using as input the angle γ from tree-
level decays (see below), or γ = (63.5 + 7.2− 6.7)
◦ relating −2βs to the SM expectation [73].
These values are in principle sensitive to the amount of U-spin (a subgroup of SU(3)
analogous to isospin, but involving d and s quarks instead of d and u quarks) breaking
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Figure 5: Constraints on ∆Γs and ϕ
ccs
s from various experiments.
in the involved decay amplitudes and are given here for a maximum allowed breaking of
50%. This value of γ can be compared to that obtained from tree-dominated B→ DK
decays, where the CP -violating phase appears in the interference of the b→ c and b→ u
topologies. The determination of γ from tree decays is considered free from contributions
beyond the SM and unaffected by hadronic uncertainties. Yet, its precise measurement is
important to test the consistency of the KM mechanism, also allowing for comparisons
with measurements from modes dominated by penguin topologies.
The most precise determination of γ from a single tree-level decay mode is achieved with
the decay B+→ DK+ followed by D→ K0Sh+h− with h = pi,K [74], yielding γ = (62 + 15− 14)◦.
Here the interference of the D0 and D0 decays to K0Sh
+h− is exploited to measure CP
asymmetries [75]. The method needs external input in the form of a measurement of the
strong phase over the Dalitz plane of the D decay, coming from CLEO-c data [76]. The
same decay mode is also used in a model-dependent measurement [77].
A different way for determining γ is provided by the decay B0s→ D±s K∓ [78–81]. In
this case the phase is measured in a time-dependent tagged CP -violation analysis. Using
a dataset corresponding to 1 fb−1, LHCb determines γ = (115 + 28− 43)
◦, which is not yet
competitive with other methods but will provide important cross-checks with more data.
The γ measurements of Refs. [74,81–85] are then combined in an LHCb average [86].
Using all B→ DK decay modes one finds γ = (73 + 9− 10)◦, which is more precise than
the corresponding combination of measurements from the B factories [52]. The LHCb
likelihood profile is shown in Fig. 6.
The same-sign dimuon asymmetry measured by the D0 collaboration [87] and in-
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Figure 6: LHCb combination of B→ DK decays measuring γ [86].
terpreted as a combination of the semileptonic asymmetries Adsl and A
s
sl in B
0 and B0s
decays, respectively, differs from the SM expectation by 3σ. So far LHCb has not been
able to confirm or disprove this result. The measurement from LHCb looks at the CP
asymmetry between partially reconstructed B→ Dµν decays, where the flavour of the D
meson identifies that of the B. The measured value of Assl [46] and the newly reported
Adsl [88] are both consistent with the SM and the D0 values. The world average including
measurements from the B factories and D0 is not more conclusive, as shown in Fig. 7.
Large CP violation has been found in charmless b-hadron decays like B+→ h+h−h+ [89]
(h = pi,K) and B+→ pph+ [90]. Particularly striking features of these decays are the
very large asymmetries observed in small regions of the phase-space not related to any
resonance, which are opposite in sign for B±→ h±K+K− and B±→ h±pi+pi− decays.
This observation could be a sign of long-distance pi+pi− ↔ K+K− rescattering.
Another important field is the study of CP violation in beauty baryons. The probability
that a b quark hadronises to a Λ0b baryon is measured to be surprisingly large at the LHC
in the forward region [91], almost half of that to a B0 meson. These baryons can be used
for measurements of CP violation with better precision than B0s mesons. Searches have
been performed by LHCb with the decays Λ0b→ J/ψppi− [92], Λ0b→ K0ppi− [93], and by
CDF with Λ0b → ppi− and Λ0b → pK− [94]. It is worth noting that no evidence for CP
violation in any decay of a baryon has ever been reported to date.
16
d
slA
s slA
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s
sl from various experiments. The symbol `
stands for electron or muon. The horizontal and vertical bands represent the uncertainties on the
averages of the experimental measurements. The elliptic contour represents the measurement of
the same-sign dimuon asymmetry by the D0 experiment.
4.2 Rare electroweak decays
The family of decays b→ s`+`− is a laboratory for BSM-physics searches on its own.
In particular the exclusive decay B0→ K∗0`+`− (` = e, µ) provides a very rich set of
observables with different sensitivities to BSM physics and for which the available SM
predictions are affected by varying levels of hadronic uncertainties. For some ratios of
such observables, most of the theoretical uncertainties cancel out, thus providing a clean
test of the SM [95–100].
The differential decay width with respect to the dilepton mass squared q2, the forward-
backward asymmetry AFB, and the longitudinal polarisation fraction FL of theK
∗ resonance
have been measured by many experiments [101–106] with no significant sign of deviations
from the SM expectation.
In a second analysis of the already published 2011 data [106], LHCb has published
another set of angular observables [107] suggested by Ref. [100]. In particular a 3.7σ local
deviation from the SM expectation of one of these observables has been found in one bin
of q2. This measurement has triggered a lot of interest in the theoretical community, with
17
interpretation articles being submitted very quickly to journals. See Refs. [108–112] for a
small subset. It is not clear whether this discrepancy is an experimental fluctuation, is
due to under-estimated form factor uncertainties (see Ref. [113]), or is the manifestation
of a heavy Z ′ boson, among many other suggested explanations. The contribution of cc
resonances is also being questioned [114] after the LHCb observation of B+→ ψ(4160)K+
with ψ(4160)→ µ+µ− [115], where the ψ(4160) and its interference with the non-resonant
component accounts for 20% of the rate for dimuon masses above 3770 MeV/c2. Such a
large contribution was not expected.
Given a hint of abnormal angular distributions, LHCb tried to look for other deviations
in several asymmetry measurements. The CP asymmetry in B0 → K(∗)0µ+µ− and
B±→ K±µ+µ− decays turns out to be compatible with zero as expected [116], as does
the isospin asymmetry between B0→ K(∗)0µ+µ− and B+→ K(∗)+µ+µ− decays [117]. The
lepton universality factor RK =
B(B+→K+µ+µ−)
B(B+→K+e+e−) is measured to be 0.745
+ 0.090
− 0.074 ± 0.036 [118]
in the 1 < q2 < 6 GeV2/c4 range, which indicates a 2.6σ deviation from unity. This result
can be interpreted as a possible indication of a new vector particle that would couple more
strongly to muons and interfere destructively with the SM vector current [119–123].
4.3 Observation of the B0s → µ+µ− decay
The measurement of the branching fractions of the rare B0 → µ+µ− and B0s → µ+µ−
decays is considered amongst the most promising avenues to search for BSM effects at
the LHC. These decays proceed via FCNC processes and are highly suppressed in the SM.
Moreover, the helicity suppression of axial vector terms makes them sensitive to scalar and
pseudoscalar BSM contributions that can alter their branching fractions with respect to
SM expectations. The untagged time-integrated SM predictions for the branching fractions
of these decays are [124]
B(B0s → µ+µ−)SM = (3.66± 0.23)× 10−9 ,
B(B0 → µ+µ−)SM = (1.06± 0.09)× 10−10 ,
which are obtained using the latest combination of values for the top-quark mass from
LHC and Tevatron experiments [125]. The ratio R between these two branching fractions
is also a powerful tool to discriminate amongst BSM models. In the SM it is predicted to
be
R = B(B
0 → µ+µ−)
B(B0s → µ+µ−)
=
τB0
1/ΓsH
(
fB0
fB0s
)2 ∣∣∣∣VtdVts
∣∣∣∣2 MB0
√
1− 4m2µ
M2
B0
MB0s
√
1− 4m2µ
M2
B0s
= 0.0295 + 0.0028− 0.0025 ,
where τB0 and 1/Γ
s
H are the lifetimes of the B
0 and of the heavy mass eigenstate of the
B0s–B
0
s system, MB0(s) is the mass and fB0(s) is the decay constant of the B
0
(s) meson, Vtd
and Vts are the elements of the CKM matrix and mµ is the mass of the muon. In minimal
18
flavour-violating BSM scenarios, the branching fractions of both decays can change, but
their ratio is predicted to be equal to that of the SM.
The LHCb collaboration reported the first evidence of the B0s → µ+µ− decay with
a 3.5σ significance in 2012 using 2 fb−1 of data [126]. One year later, CMS and LHCb
presented their updated results based on 25 fb−1 and 3 fb−1, respectively [127,128]. The
two measurements resulted in good agreement with comparable precisions. However, none
of them was precise enough to claim the first observation of the B0s → µ+µ− decay. A
na¨ıve combination of CMS and LHCb results was presented in 2013 [129], but no attempt
was made to take into account all correlations stemming from common physical quantities,
and no statistical significance for the existence of the signals was provided.
More recently, a combination of the CMS and LHCb results based on a simultaneous fit
to the two datasets has been performed. This fit correctly takes into account correlations
between the input parameters. The CMS and LHCb experiments have very similar analysis
strategies. B0(s) → µ+µ− candidates are selected as two oppositely charged tracks. A
soft first selection is applied in order to reduce the background while keeping high the
efficiency on the signal. After this selection, the remaining backgrounds are mainly due to
random combinations of muons from semileptonic B decays (combinatorial background),
semileptonic decays, such as B → hµν, B → hµµ and Λ0b → pµ−ν¯, and B0(s) → h+h
′−
decays (peaking background) where hadrons are misidentified as muons. Further separation
between signal and background is achieved exploiting the power of a multivariate classifier.
The classification of the events is done using the dimuon invariant mass mµµ and the
multivariate classifier output. The multivariate classifier is trained using kinematic and
geometrical variables. The calibration of the dimuon mass mµµ is performed using the
dimuon resonances and, for LHCb, also by using B0(s) → h+h
′− decays. For both analyses
the B0(s) → µ+µ− yield is normalised with respect to the B+ → J/ψK+ yield, taking into
account the hadronisation fractions of a b quark to B0s and B
0 mesons measured by the
LHCb experiment [130–132]. LHCb also uses the B0 → K+pi− decay as a normalisation
channel.
A simultaneous fit is performed to evaluate the branching fractions of the B0s → µ+µ−
and B0 → µ+µ− decays. The CMS and LHCb datasets are used together as in a single
combined experiment. A simultaneous unbinned extended maximum likelihood fit is
performed to the invariant mass spectrum in 20 categories of multivariate classifier output
for the two experiments: 8 categories for LHCb and 12 categories for CMS. The various
categories are characterised by construction by different values of signal purity. In each
category the mass spectrum is described as the sum of each background source and the two
signals. The parameters shared between the two experiments are the branching fractions
of the two signal decays being looked for, B(B0s → µ+µ−) and B(B0 → µ+µ−), the already
measured branching fraction of the common normalisation channel B(B+ → J/ψK+),
and the ratio of the hadronisation fractions fs/fd. Assuming the SM, 94± 7 B0s → µ+µ−
events and 10.5± 0.6 B0 → µ+µ− events are expected in the full dataset. For illustrative
purposes, Fig. 8 shows the dimuon mass distribution for the events corresponding to the
six multivariate categories with highest B0s signal purity. The results of the simultaneous
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Figure 8: Dimuon mass distribution for the six multivariate-classifier categories with highest B0s
signal purity. The result of the simultaneous fit is overlaid.
fit are [133]
B(B0s → µ+µ−) =
(
2.8 + 0.7− 0.6
)× 10−9 ,
B(B0 → µ+µ−) = (3.9 + 1.6− 1.4)× 10−10 .
The statistical significances, evaluated using the Wilks’ theorem [134], are 6.2σ and 3.2σ
for B0s → µ+µ− and B0 → µ+µ−, respectively. The expected significances assuming the
SM branching fractions are 7.4σ and 0.8σ for B0s and B
0 channels, respectively. Since
the Wilks’ theorem shows a B0 → µ+µ− signal significance slightly above the 3σ level, a
more refined method based on the Feldman-Cousins construction [135] is also used for the
B0 → µ+µ− mode. A statistical significance of 3.0σ is obtained in this case. The Feldman-
Cousins confidence intervals at ±1σ and ±2σ are [2.5, 5.6]× 10−10 and [1.4, 7.4]× 10−10,
respectively. In Fig. 9 the likelihood contours in the B(B0s → µ+µ−)–B(B0 → µ+µ−) plane
are shown. In the same figure, the likelihood profile for each signal mode is displayed. The
compatibility of B(B0s → µ+µ−) and B(B0 → µ+µ−) with the SM is evaluated at the 1.2σ
and 2.2σ levels, respectively. A separate fit to the ratio of B0 to B0s gives R = 0.14 + 0.08− 0.06,
which is compatible with the SM at the 2.3σ level. The likelihood profile for R is shown
in Fig. 10.
5 Conclusions
The LHC is the new b-hadron factory. The ATLAS, CMS and LHCb experiments will be
dominating heavy-flavour physics in the next decade, together with the forthcoming Belle II
experiment, and even beyond with the high luminosity LHC phase. During Run I, ATLAS,
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CMS and LHCb have performed fundamental measurements in the field of CP violation
and rare decays of B mesons. In this paper we have discussed some of these measurements,
notably including that of the B0s -meson mixing phase from b→ cc¯s decays, ϕcc¯ss ; of the
UT angle γ from tree-level decays; of B0 and B0s semileptonic asymmetries; of angular
observables in b→ s`+`− transitions; and of the B0s → µ+µ− branching fraction, with the
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first observation of this decay at more than five standard deviations. No striking evidences
of deviations from SM expectations have emerged from any of these measurements so
far. However, they have enabled strong constraints to be set on many BSM models.
The upcoming Run II, with its higher centre-of-mass energy translating into a higher bb
cross-section, will witness substantial improvements in the study of B physics, and will
hopefully lead to the observation of new physics phenomena not accounted for in the SM.
Heavy flavour physics in the quark sector is not limited to beauty hadrons alone. The
LHC is also an abundant source of charmed hadrons, which provide another interesting
laboratory for BSM-physics searches. The recent experimental improvements in the
measurement of mixing-related observables of D0 mesons at LHCb have raised the interest
for CP -violation measurements in this sector. Belle II and LHCb, with its upgraded
detector that will be operational in the third LHC run, will probe CP violation in charm
mixing with ultimate precision. The top quark is also another excellent tool for seeking
BSM physics. The unprecedented samples collected by the ATLAS and CMS experiments
will enable relevant studies of CP violation in top-quark production and decays to be
carried out.
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